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Abstract: We consider an extension of the νMSM in which sterile neutrino masses orig-
inate from the VEV of a Higgs singlet φ and dark matter is produced through the decays
of φ rather than through active-sterile neutrino mixing. This model, which we refer to as
the νNMSM, can readily satisfy or escape the constraints on warm dark matter from the
Lyman-α forest and other small scale structure. However, it requires a particular hierarchy
of Majorana masses and Yukawa couplings without an obvious origin. We show that the
hierarchical parameters of the νNMSM can arise from symmetries broken at or near the
Planck scale for two specific examples of this model: one in which φ helps stabilize the
electroweak vacuum through a scalar threshold effect and one in which φ is a light infla-
ton. Both examples require a complex φ and have several experimental signatures that
are distinct from the νMSM. These signatures include additional dark radiation that is
relativistic at both primordial nucleosynthesis and CMB decoupling and, for the former, a
large invisible branching ratio of the Higgs.
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1 Introduction
The νMSM [1] is an extension of the Standard Model (SM) that attempts to explain all
observed phenomena beyond the SM using only three sterile neutrinos with Majorana
masses below the electroweak scale. In the νMSM, one sterile neutrino, N1, is responsible
for dark matter [2] while two additional sterile neutrinos, N2 and N3, are responsible for
baryon asymmetry production [3]. Moreover, the Higgs boson with a non-minimal coupling
to gravity is responsible for inflation [4].
Although a detailed study of the νMSM (see [5] for a recent update) shows that this
minimal model can explain most of the observed phenomena beyond the SM, there are
several indications that an extension of the νMSM, such as by a Higgs singlet, may be
necessary:
• Lyman-α forest bound : The Lyman-α forest [6] and other small scale structure [7, 8]
impose strong constraints on the non-resonant production of warm dark matter in
the νMSM when combined with X/γ-ray limits [9]. Several solutions to this problem
have been proposed, including a resonant production of dark matter from a large
lepton asymmetry [10] and a dilution of dark matter from a late entropy release [11–
14]. Generating a sufficiently large lepton asymmetry requires an inverted neutrino
hierarchy as well as a high level of fine-tuning or the use of an approximate Planck-
scale symmetry and non-renormalizable operators [15], while generating a sufficiently
large entropy dilution requires some new physics beyond the νMSM [11–14]. An
attractive alternative to these scenarios uses the decays of a Higgs singlet, whose
vacuum expectation value (VEV) provides an origin for the Majorana masses of the
sterile neutrinos, to give a primordial production of dark matter [16–20].
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• Electroweak vacuum stability : For a Higgs mass in the range mh ≃ 125–126 GeV [21,
22], the Higgs potential develops an instability below the Planck scale unless the top
mass is about 2σ below its central value; for its central value, an instabililty develops
at 109–1010 GeV [23]. While more precise measurements of the top mass may lower
its central value and relieve this tension, it has been shown that, if necessary, the
addition of a Higgs singlet below the instability scale can stabilize the potential
through its contribution to the renormalization group evolution of the Higgs quartic
coupling [24, 25] or through a tree-level scalar threshold effect [25, 26].
• Higgs inflation: There has been some discussion about unitarity violation and the
self-consistency of Higgs inflation with a non-minimal coupling ξH†HR, where R is
the scalar curvature and ξ ∼ 104 (see [27] and references therein). In brief, this model
of Higgs inflation violates unitarity at the scale Λ0 ∼ MPl/ξ when expanding about
a small background Higgs field. Although the scale of unitarity violation is raised to
MPl/
√
ξ when expanding about the large background Higgs field during inflation [27],
if the theory is eventually embedded into a more complete one that is valid up to the
Planck scale then new physics is expected to appear at MPl/ξ [28]. Several solutions
that do not abandon the minimality of the model have been proposed, including
non-renormalizable Higgs interactions that accompany the non-minimal coupling and
restore unitarity [29] as well as strong coupling in graviton exchange processes that
only break unitarity perturbatively [30]. However, it has not yet been shown that
these scenarios can actually be realized [30]. Alternatively, an extension of the νMSM
by a Higgs singlet can “unitarize” Higgs inflation [28]1 or provide a workable scenario
with the singlet as the inflaton [16–18].
The fact that a Higgs singlet can both provide an origin for the Majorana masses of the
sterile neutrinos and allow a simple dark matter production mechanism that, unlike the
non-resonant production of dark matter in the νMSM, is consistent with the Lyman-α forest
bound is a strong motivation for considering singlet extensions of the νMSM (e.g. [16–20]).
It is then natural to ask whether such extensions can also address the issues with Higgs
inflation, as in [16–18], or help stabilize the electroweak vacuum, if necessary.
These singlet extensions of the νMSM, like the original model, require a particular hier-
archy of Majorana masses and Yukawa couplings without an obvious origin. An important
open question for these extensions is whether it is possible for such structure to come from
an underlying symmetry. In the context of the νMSM, models employing a U(1) flavour
symmetry [31, 32], discrete flavour symmetries [33], the split seesaw mechanism [34, 35],
and the Froggatt-Nielsen mechanism [36–38] have been suggested for producing a hierar-
chical pattern of Majorana masses and Yukawa couplings. Similar techniques should also
be able to produce the necessary pattern of masses and couplings in singlet extensions, but
this has not been demonstrated explicitly.
In this paper, we consider extensions of the νMSM by a Higgs singlet φ that address
some of the model’s possible phenomenological problems and demonstrate how underlying
1In [30], it is argued that this is not a true completion of Higgs inflation but rather an induced gravity
inflation model added onto the SM.
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symmetries can give the necessary pattern of Majorana masses and Yukawa couplings in
these extensions. In particular, our starting point is a generic model in which the decays of
φ allow for primordial dark matter production that is consistent with the Lyman-α forest
bound and in which the VEV of φ provides an origin for the Majorana masses of the sterile
neutrinos. We then construct symmetries broken at or near the Planck scale that can
produce the hierarchy of parameters for two specific examples of this model: one in which
φ helps stabilize the electroweak vacuum through a scalar threshold effect [26] and one in
which φ is the inflaton [16–18]. Both examples require a complex φ to be realized with
underlying symmetries and have several experimental signatures that are distinct from the
νMSM.
The paper is organized as follows. In section 2, we review the constraints on the νMSM
and primordial dark matter production from a Higgs singlet. In section 3, we develop
symmetries broken at or near the Planck scale that can produce the required pattern of
Majorana masses and Yukawa couplings for two examples of this model. Section 4 gives
the conclusions.
2 The νMSM and dark matter production from a Higgs singlet
In this section, we first review the constraints on the νMSM and motivate the scenario
of dark matter production from a Higgs singlet. We then discuss the constraints on dark
matter production from a Higgs singlet.
2.1 The νMSM
The Lagrangian of the νMSM is given by
L = LSM + N¯I i∂µγµNI − FαI L¯αNIH − MIJ
2
N¯ cINJ + h.c., (2.1)
where LSM is the SM Lagrangian, NI (I = 1, 2, 3) are the sterile neutrinos, Lα (α = e, µ, τ)
are the lepton doublets, H and φ are the Higgs doublet and singlet, respectively, FαI are the
Yukawa couplings for neutrinos, andMIJ are the Majorana masses for the sterile neutrinos.
One of the striking features of the νMSM is the highly constrained and hierarchical pattern
of parameters required for successful baryogenesis and dark matter production. These
constraints are often best expressed not in the basis NI of (2.1) but in the basis of the
physical mass eigenstates NmI with masses MI and Yukawa couplings F˜αI . The two bases
are related by the unitary transformation given in [31].
First, consider the constraints on Nm2 and N
m
3 . The oscillations between N
m
2 and N
m
3
above TEW produce a lepton asymmetry in the active neutrinos that is converted into a
baryon asymmetry by sphalerons [3].2 Nm2 and N
m
3 cannot enter thermal equilibrium at
temperatures much above TEW or else the lepton asymmetry produced in their oscillations
is wiped out, giving the constraint [31]
F2 . 1.2× 10−6, (2.2)
2TEW ≃ 140 GeV for a Higgs mass mh ≃ 125 GeV [39].
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where F 2I ≡
(
F †F
)
II
and, by convention, F2 is taken to be larger than F3 with ǫ ≡ F3/F2 ≤
1. Similarly, massesM2,M3 ≪ TEW are required so that lepton number violating processes
are negligible for T & TEW; masses satisfying
M2,M3 . 20 GeV (2.3)
are generally considered acceptable [3, 39]. Meanwhile, effective baryon asymmetry pro-
duction requires M2,M3 ≃ M to be highly degenerate with a mass difference ∆M ≡
M3 −M2 ≪ M [3]. The baryon asymmetry produced can be expressed as a function of
F2, ǫ,M,∆M , and the neutrino hierarchy. Since active neutrino masses are generated via
the seesaw mechanism, one of F2, ǫ, and M (typically F2) can be expressed in terms of the
others with the relation [31]
∆matm ≃ κv
2ǫF 22
2M
, (2.4)
where ∆matm ≃ 0.05 eV, v = 246 GeV, and κ = 1(2) for the inverted (normal) hierarchy.
Analytic expressions for the baryon asymmetry are given in [3, 40] while a numerical study
has been carried out in [39]. The allowed range of each parameter individually is [39]
M & 140 MeV, (2.5)
10−3 eV . ∆M . MeV, (2.6)
10−4 . ǫ ≤ 1, (2.7)
though the combination must produce the observed asymmetry nB/s ≃ (8.4–8.9)×10−11 [41].
Note that the lower bound (2.5) comes from demanding that Nm2 and N
m
3 decay before Big
Bang nucleosynthesis (BBN) [42, 43]3 and that a significant amount of parameter space
for M . 500 MeV is ruled out by the CERN PS191 experiment and other accelerator
bounds [39, 43]. For the parameter space allowed by (2.5)–(2.7), a lower bound on F2 is
approximately
F2 & 3× 10−8. (2.8)
Now consider the constraints on the dark matter candidate Nm1 . Mixing with active
neutrinos below TEW allows the 1-loop decay N
m
1 → νmγ with width [1, 46]
ΓNm1 →νmγ =
9αG2F
1024π4
sin2 (2θ1)M
5
1
≃ 5.5 × 10−22θ21
(
M1
keV
)5
s−1,
(2.9)
where θ21 = v
2F˜ 21 /
(
2M21
)
and F˜ 21 is evaluated with [31]
F˜α1 ∼ Fα1 + M12
M
Fα2 +
M13
M
Fα3. (2.10)
The second and third terms on the right hand side of (2.10) are contributions to F˜α1
induced by the mixing of N1 with N2 and N3 to form the mass eigenstate N
m
1 . Direct
3Recent work [44, 45] suggests this bound can been strengthened to M & 1.4 GeV in the RP scenario,
discussed later.
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searches for the X/γ-ray line corresponding to this decay provide the strongest limits on
θ1 (as a function of M1) for the mass range relevant to the νMSM. A summary of these
limits is given in [9]. In general,
θ21 . 3× 10−5
(
keV
M1
)5
(2.11)
must be satisfied for 0.5 keV .M1 . 14 MeV, though the constraint is typically 100 times
stronger than (2.11) for masses outside the 12–40 keV range [9]. For Nm1 produced entirely
from active-sterile neutrino mixing, M1 can be bounded above by combining the X-ray
constraints with the requirement of sufficient dark matter production (∝ θ21). The bound
obtained depends on the lepton asymmetry at the time of Nm1 production: a negligible
lepton asymmetry is called the non-resonant production (NRP) scenario while a large
lepton asymmetry is called the resonant production (RP) scenario. The bounds for these
two scenarios are [9, 10, 12]
MNRP1 . 2.2 keV, M
RP
1 . 40 keV. (2.12)
Meanwhile,M1 can be bounded below by phase-space density arguments for dwarf spheroidal
galaxies [47, 48], the Lyman-α forest data [6, 49], studies of gravitationally lensed QSOs [7],
and N-body simulations of the Milky Way [8]. The bounds from the Lyman-α forest data
and N-body simulations of the Milky Way are the strongest and give4
MNRP1 & 13 keV, M
RP
1 & 2 keV. (2.13)
Combining (2.12) and (2.13) rules out the simpler NRP scenario, even with a possibly large
entropy dilution from the decays of Nm2 and N
m
3 [12]. The RP scenario is still allowed for a
range ofM1; it requires an even larger degeneracy than (2.6), on the order ∆M . 10
−7 eV,
to produce the required lepton asymmetry for enhanced dark matter production [15]. This
level of degeneracy is unstable in the presence of radiative corrections and must be achieved
with either fine-tuning or an extension of the model by a Planck-scale symmetry and non-
renormalizable operators [15].
2.2 Dark matter production from a Higgs singlet
An alternative dark matter production scenario that is capable of satisfying the Lyman-α
forest bound for warm dark matter (or allows for heavier cold dark matter) uses a real
Higgs singlet φ and its decays to Nm1 [16]. This scenario is arguably simpler than the RP
scenario and has the advantage that Majorana masses originate from the VEV of φ rather
than as bare mass terms. This extension of the νMSM, which we will call the neutrino
Next-to-Minimal Standard Model (νNMSM), is the basis of this paper.
In the νNMSM, the Majorana mass term in the Lagrangian (2.1) is modified to
∆L = −λIJ
2
φN¯ cINJ , (2.14)
4These are the (Bayesian) 2σ bounds. Although [8] quotes a stronger bound for MRP1 , it is based on a
simple mass rescaling argument that is shown to be insufficient for a more rigorous analysis of the Lyman-α
forest bound in the RP scenario [49].
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whereMIJ = λIJ 〈φ〉 once φ acquires a VEV. In the mass basis NmI , λIJ → λI whereMI =
λI 〈φ〉. The mixing angle θ21 is assumed small enough that dark matter production from
active-sterile neutrino mixing is negligible and the X/γ-ray constraint (2.11) is satisfied.5
Assuming no miraculous cancellations of terms in (2.10), this requires
Fα1,
M12
M
Fα2,
M13
M
Fα3 . 10
−13. (2.15)
With (2.15), one can show that the induced contributions to M1 from M12 and M13 are
small [31] and hence λ1 ≃ λ11. Dark matter production then proceeds via the decays
φm → Nm1 Nm1 with the partial width [16]
Γ =
λ21
16π
mφ ≃ λ
2
11
16π
mφ, (2.16)
wheremφ > 2M1 is the mass of the physical mass eigenstate φ
m.6 This production depends
on the thermal history of φm, specifically the ratio of its mass to its freeze-out temperature,
rf ≡ mφ/Tf [20]. For the case that φm is in thermal equilibrium down to temperatures
T ≪ mφ (i.e. rf ≫ 1), the dark matter abundance is given by [16]
ΩNm1 ≃
0.2f(mφ)
S
(
λ11
10−10
)2( M1
4 keV
)(
GeV
mφ
)
, (2.17)
where f(mφ) ≃ (10.75/g∗ (mφ/3))3/2 and 1 ≤ S . 2 is a factor that accounts for entropy
production from the decays of Nm2 and N
m
3 after N
m
1 is produced.
7 Using M1 ≃ λ11 〈φ〉 in
(2.17), the appropriate dark matter abundance ΩNm1 ≃ 0.23 is generated when
λ11 ≃ 4× 10−9
(
S
f(mφ)
)1/3(mφ
〈φ〉
)1/3
. (2.18)
For the case that φm is a thermal relic decaying out of equilibrium (i.e. rf ≪ 1), the dark
matter abundance is given by [20]
ΩNm1 ≃
0.3
S
(
M1
keV
)(
10.75
g∗(Tf )
)(
B
0.01
)
, (2.19)
where B ≡ Γ/Γtotφ is the branching ratio of φm → Nm1 Nm1 .8 Analytic expressions relevant
to the intermediate case rf ∼ 1 can be found in [20], and the result is a combination of
(2.17) and (2.19).
5Since the NRP and RP bounds (2.12) no longer apply, M1 may exceed the range in which (2.11) is
valid. In this case, γ-ray constraints from EGRET [50] and FERMI [51] give τ & 1026 s, or equivalently
θ21 . 2× 10−20 (MeV/M1)5, for masses up to 30 TeV.
6We have assumed a small mixing angle θhφ between the Higgs boson h and φ so that φ
m ≃ φ, hm ≃ h,
and the decays hm → Nm1 Nm1 are negligible compared to φm → Nm1 Nm1 [20]. This is a good approximation
for both models considered in section 3.
7Since Nm1 production peaks at Tprod ≡ mφ/2.3, (2.17) is a good approximation for rf & 3 [20].
8As in [20], we neglect any φφ annihilations that could reduce (2.19) by up to a factor of 2.
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The Lyman-α forest bound for this dark matter production mechanism can be esti-
mated by rescaling the NRP bound, giving [12, 20]
MHiggs1 & 10
(
10.75
g∗(Tprod)
)1/3
keV, (2.20)
where Tprod is the temperature at whichN
m
1 is produced. Further constraints come from the
requirement that the interactions φm ↔ Nm2 Nm2 and φm ↔ Nm3 Nm3 (and any interactions
SM↔ Nm2 Nm2 and SM↔ Nm3 Nm3 mediated by φm) do not bring Nm2 and Nm3 into thermal
equilibrium at the characteristic temperature of leptogenesis [52]
TL ∼
(
M∆MM0
3
)1/3
, (2.21)
where M0 ≃ 7 × 1017 GeV, and spoil baryogenesis.9 Moreover, the addition of φ must
not open an invisible branching ratio of the Higgs greater than 30% at 2σ [53]. These
constraints are discussed further in section 3 for specific models of the scalar sector.
Although we have assumed that φ is real in the discussion above, it is also possible
(with some restrictions) to have a complex φ. (We parametrize φ = (ρ+ iχ) /
√
2 for a
complex φ but continue to use mφ and φ
m instead of mρ and ρ
m to maintain consistency
with the notation for a real φ.) In previous studies of the νNMSM, which do not attempt
to explain the origin of its parameters, φ is typically assumed real to avoid a massless
Goldstone boson χ and hence the unsuitably fast decay channel Nm1 → νmχ for dark
matter [16–20]. We have found it very difficult, however, to explain the parameters of
the νNMSM with an underlying symmetry if φ is real and hence uncharged. To construct
such a symmetry, we must therefore consider a complex φ and address the problems and
constraints associated with a Goldstone boson.
There are several ways to avoid the decay Nm1 → νmχ for a complex φ. First, if φ is
charged under a discrete symmetry and terms of the form φn+φ†n are allowed, these terms
give χ a mass and can kinematically forbid the decay Nm1 → νmχ. If the analogous decays
Nm2 , N
m
3 → νmχ are still allowed, they can relax the constraint (2.5) toM & few MeV [31].
Alternatively, if χ remains light enough to allow Nm1 → νmχ then the mixing of N1 with
other neutrino species can be suppressed or forbidden by a symmetry, thereby suppressing
the decay. This case is particularly interesting since χ can contribute to the effective
number of neutrino species and give a value of Neff above the SM or νMSM prediction,
as recent measurements prefer (see [54] and references therein).10 The contribution of χ
to Neff depends on the freeze-out temperature Tf : it can be as large as ∆Neff ∼ 1 for a
thermal distribution of χ or much smaller if χ decouples early. The Planck experiment and
other future cosmic microwave background (CMB) experiments will therefore be able to
constrain these models with a complex φ [56].
9If these interactions bring Nm2 and N
m
3 into thermal equilibrium below TL, the asymmetry in the sterile
neutrinos will be wiped out but the asymmetry in the active neutrinos will remain.
10The real component of φ can also contribute to Neff during BBN if mφ . 10 MeV [55]. For the models
of the scalar sector considered in section 3, however, mφ ≫ 10 MeV.
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3 Symmetries and the νNMSM
The νNMSM, like the νMSM, requires parameters that are constrained to be hierarchically
small. An important question is whether it is possible for such structure to come from an
underlying symmetry. In the context of the νMSM, flavour symmetries [31–33], the split
seesaw mechanism [34, 35], and the Froggatt-Nielsen mechanism [36–38] have been explored
for producing the required pattern of Majorana masses and Yukawa couplings. Following
this approach, we would like to demonstrate explicitly how the parameters of the νNMSM
can arise from symmetries broken at or near the Planck scale. Since the values of some
parameters (e.g. λ11 in (2.18)) depend on an unspecified scalar sector, we first keep the
discussion general and then consider two specific models of the scalar sector: one in which
φ helps stabilize the electroweak vacuum [26] and one in which φ is the inflaton [16–18].
These models of the scalar sector, though motivated as minimal solutions to other possible
problems with the νMSM, are meant only to provide definite examples for the symmetries
used in the flavour sector; other models may certainly be considered. We do not provide
an explanation for the values of parameters in the scalar sector or the associated hierarchy
problems since little is known about their origin.
3.1 Symmetries in the flavour sector
First consider how the structure of the νNMSM Lagrangian,
∆L = −FαI L¯αNIH − λIJ
2
φN¯ cINJ + h.c., (3.1)
can arise from an underlying symmetry without regard to the size of the couplings FαI and
λIJ . There are several ways this structure can arise:
• Conformal symmetry/scale invariance: The structure (3.1), which has only terms
with dimensionless couplings, can arise from models with a classical conformal sym-
metry [57–59] or hidden scale invariance [60, 61]. These models have been moti-
vated as a solution to the hierarchy problem: the conformal symmetry forbids tree-
level scalar mass terms while radiative breaking of this symmetry by the conformal
anomaly is responsible for electroweak symmetry breaking and, in [60, 61], a hi-
erarchy between the electroweak and Planck scales from a choice of large scale f .
Unfortunately, existing models of this type are not fully realistic.
• (Approximate) Global U(1) symmetry : For a complex φ, the structure (3.1) can arise
from a global U(1) symmetry under which φ is charged. (We use a global symmetry
to avoid introducing a new low-energy gauge sector.) Since it has been argued that
the only symmetries allowed in an effective low-energy theory are those that derive
from gauge symmetries [62], note that approximate global symmetries (approximate
because they are broken by non-perturbative effects) can arise from string theory as
the remnant of a non-linearly realized U(1) gauge symmetry in which the gauge boson
acquires a large (string scale) mass through its coupling to a Stueckelberg field [63].
For a consistent model, the underlying U(1) gauge symmetry must be anomaly-free
– 8 –
N1 N2 N3 Lα Eα Qi Ui Di H φ
U(1) -1 -1 -1 -1 -1 1/3 1/3 1/3 0 2
Z3 1 1 1 1 1 0 0 0 0 1
Table 1. Examples of an anomaly-free global U(1) and Z3 symmetry that can give the Lagrangian
structure (3.1). Note: Eα are the right-handed charged leptons, Qi (i = 1, 2, 3) are the left-handed
quark doublets, and Ui, Di are the right-handed quarks.
or Green-Schwarz anomalous [64, 65]. An anomaly-free example in which matter
fields have U(1)B−L charges is given in table 1.
• Discrete ZN symmetry : A discrete ZN symmetry can also give the structure (3.1).
Such symmetries can arise from the spontaneous breaking of a gauge symmetry at
a high scale [66] or from coupling selection rules on heterotic orbifolds (see [67] and
references therein). Note that it is often easier to satisfy the anomaly cancellation
conditions for ZN symmetries [67, 68] than those for U(1) symmetries: an anomaly-
free Z3 example is given in table 1.
11 However, the spontaneous breaking of discrete
symmetries can produce domain walls [71] and care must be taken to avoid these,
such as by having the symmetry breaking phase transition occur below 1 MeV [72].
Although either a global U(1) or discrete ZN symmetry can give the desired Lagrangian
structure (3.1), we use a global U(1) symmetry to avoid introducing the problems associated
with domain walls.
Now consider the hierarchy of Majorana masses and Yukawa couplings in the νNMSM.
To explain the small Yukawa couplings F˜α1 . 10
−13 and, for a complex φ, to prevent the
fast dark matter decay channel Nm1 → νmχ, we introduce a Z2 symmetry under which
only N1 is charged (see table 2).
12 This symmetry allows only the couplings
FαI =

0 Fe2 Fe30 Fµ2 Fµ3
0 Fτ2 Fτ3

 , λIJ =

λ11 0 00 λ22 λ23
0 λ23 λ33

 , (3.2)
and hence forbids mixing of N1 with the other neutrinos, making N
m
1 completely stable
(θ1 = 0) and one active neutrino exactly massless. The required pattern of Majorana
masses and Yukawa couplings can then be produced if there are strong hierarchies in the
remaining λIJ and FαI , specifically if
Fα2 ∼ F2, Fα3 ∼ F3,
λ11 ∼ M1〈φ〉 , λ23 ∼
M
〈φ〉 , max {λ22, λ33} ∼
∆M
〈φ〉 .
(3.3)
We consider two possibilities for generating these hierarchies from an underlying symmetry,
in which case the small couplings in (3.3) are preserved under the renormalization group
flow:
11The mixed ZN -U(1)Y -U(1)Y anomaly does not pose a meaningful constraint since the hypercharge
normalization is not fixed [69, 70].
12The anomaly cancellation conditions for this Z2 are trivially satisfied. Therefore this symmetry is exact
at the quantum level.
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• Froggatt-Nielsen mechanism: The Froggatt-Nielsen mechanism [73] is a well-known
method of generating hierarchical parameters. In brief, a new U(1)FN gauge symme-
try that is spontaneously broken by a flavon field ϑ at a very high scale is introduced.
Fields of the νNMSM are charged under this U(1)FN so that ϑ (or ϑ
†) must couple
to the terms in (3.1) with various powers to form gauge singlets. After the U(1)FN
is spontaneously broken, these non-renormalizable terms are suppressed by powers
of η ≡ 〈ϑ〉 /MPl, where η is a free parameter (though typically assumed to be on
the order of the Cabibbo angle [36, 74]). Of course, multiple flavon fields ϑi with
various ηi ≡ 〈ϑi〉 /MPl may be used, as well as a discrete ZN symmetry in place of
the U(1)FN.
• Non-perturbative symmetry breaking : Another possibility for generating hierarchical
parameters comes from non-perturbative symmetry breaking in string theory. In [75],
for example, it is shown that heterotic string compactifications on Calabi-Yau man-
ifolds can give models with the SM gauge group and additional U(1) symmetries.
These additional symmetries can play a role analogous to that of the U(1)FN: if
the νNMSM fields are charged under these symmetries, the terms in (3.1) may re-
quire couplings to various powers of ϑi ≡ e−T i/MPl to form gauge singlets, where
T i = ti + 2iχi are Ka¨hler moduli with axionic components χi (not to be confused
with the Goldstone boson χ) that transform non-linearly under the U(1). After these
symmetries are spontaneously broken by
〈
ti
〉 ≫ MPl [75, 76], the terms in (3.1) are
suppressed by powers of ηi ≡ e−〈ti〉/MPl . Again, discrete ZN symmetries may be used
in place of the U(1) symmetries.
Although either mechanism may be used to generate the hierarchical parameters (3.3) for
the same charge assignment, the non-perturbative symmetry breaking mechanism does
not require additional symmetry breaking or scalar particles below the Planck scale and
therefore adheres closer to the “minimal” philosophy of the νMSM.
To fix the absolute scale of the couplings λIJ and hence construct an explicit model of
symmetries in the flavour sector, the values of mφ and 〈φ〉 must be fixed (see (2.18) and
(3.3)) by some model of the scalar sector. We now consider two models of the scalar sector
that are motivated as solutions to other possible problems with the νMSM.
3.2 Stabilization of the electroweak vacuum
For a Higgs mass mh ≃ 125–126 GeV, the SM (and hence νMSM) potential develops
an instability below the Planck scale unless the top mass is about 2σ below its central
value [23]. While it is possible that more precise measurements of the top mass will lower
its central value and relieve this tension, we first consider a model of the scalar sector in
which the Higgs singlet can, for the central value of the top mass, stabilize the electroweak
vacuum through a scalar threshold effect.
This model, described in [26], considers a complex φ and scalar potential of the form
V = λh
(
H†H − v
2
2
)2
+ λφ
(
φ†φ− w
2
2
)2
+ 2λhφ
(
H†H − v
2
2
)(
φ†φ− w
2
2
)
, (3.4)
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which is the most general renormalizable potential that respects a global abelian symmetry
under which only φ is charged. Values of λh, λφ > 0 and λ
2
hφ < λhλφ are assumed so that
the minimum of this potential is given by
〈
H†H
〉
=
v2
2
,
〈
φ†φ
〉
=
w2
2
, (3.5)
where v = 246 GeV. The mass matrix for the real components of H and φ is then
M2 = 2
(
λhv
2 λhφvw
λhφvw λφw
2
)
, (3.6)
while the imaginary component of φ (i.e. χ) remains massless. In contrast to other models
that use a Higgs singlet to stabilize the electroweak vacuum (e.g. [24, 25]), this model
assumes w ≫ v. The two eigenstates of (3.6) then have masses
m2h = 2v
2
[
λh −
λ2hφ
λφ
+O
(
v2
w2
)]
, (3.7)
m2φ = 2w
2
[
λφ +
λ2hφ
λφ
(
v2
w2
)
+O
(
v4
w4
)]
, (3.8)
with a mixing angle θhφ ∼ v/w. Integrating out the heavier state for scales below mφ gives
the effective potential
Veff = λ
(
H†H − v
2
2
)2
, λ ≡ λh −
λ2hφ
λφ
, (3.9)
where the matching condition for the Higgs quartic coupling gives a tree-level shift δλ ≡
λ2hφ/λφ from λ just below mφ to λh just above mφ. Provided mφ is below the instability
scale Λ ≃ 109–1010 GeV [23], a value of δλ ≃ 0.01 can push the instability beyond the
Planck scale.
Due to the massless Goldstone boson χ, the value of λhφ is constrained by limits on
the invisible branching ratio of the Higgs. For mh ≃ 125 GeV, the total SM decay width
of the Higgs is [77]
ΓSM = 4.07 MeV, (3.10)
while the invisible decay width for hm → χχ is [78]
Γinv =
λ2hφv
2
8πmh
. (3.11)
Allowing an invisible branching ratio of up to 30% [53] gives the constraint
λhφ(mh) . 0.01. (3.12)
A value of δλ that stabilizes the electroweak vacuum and is consistent (3.12) can then be
obtained for λφ . 0.01 (the running of λhφ and λφ is small for these values). We illustrate
this by constructing a model with λhφ, λφ ∼ 0.01 and hence an invisible branching ratio
– 11 –
N1 N2 N3 Lα Eα Qi Ui Di H φ ϑ1 ϑ2
U(1) -1 -1 -1 -1 -1 1/3 1/3 1/3 0 -1 3 0
Z3 0 1 -1 0 0 0 0 0 0 0 0 1
Z2 1 0 0 0 0 0 0 0 0 0 0 0
Table 2. Charge assignments for the stabilization of the electroweak vacuum scenario. The global
U(1) symmetry gives the structure (3.1) while the discrete Z3 and Z2 symmetries, together with
the fields ϑ1 and ϑ2, give the required hierarchies in FαI and λIJ .
of the Higgs of about 30%.13 For these values, one can show that χ remains in thermal
equilibrium down to temperatures just below mµ. The model therefore has a ∆Neff ≃ 4/7
contribution to the effective number of neutrino species from χ and hence a total value
of Neff ≃ 3.6. This value can be tested by the Planck experiment and other future CMB
experiments [56].
Now consider the flavour sector of the νNMSM for this model of the scalar sector. For
λhφ ∼ 0.01, the interactions H†H ↔ φmφm keep φm (the real component of φ) in thermal
equilibrium down to temperatures T ≪ mφ for any mass mφ . Λ. We are therefore in the
dark matter production case rf ≫ 1. For λφ ∼ 0.01, the ratio mφ/ 〈φ〉 is fixed by (3.8) and
(2.18) gives a value of
λ11 ∼ 1× 10−8 (3.13)
to produce the correct dark matter abundance.14 The Lyman-α forest bound (2.20) is
therefore satisfied for a choice 〈φ〉 & 500 GeV. Taking 〈φ〉 ≃ 108 GeV, a pattern of masses
MIJ and couplings FαI that gives the correct dark matter abundance and baryon asym-
metry can be achieved with two fields ϑ1, ϑ2, the values η1 ≃ 10−8, η2 ≃ 10−7, and the
charge assignments given in table 2. We stress that this is the simplest anomaly-free model
we could find, though other charge assignments are possible.15
For the sake of definiteness, suppose that the non-perturbative symmetry breaking
mechanism is used for generating the hierarchies in FαI and λIJ ; that is, ϑi = e
−T i/MPl
and ηi = e
−〈ti〉/MPl for i = {1, 2}. From table 2, the Lagrangian for the flavour sector is
then
∆L = −fα2ϑ†2L¯αN2H − fα3ϑ2L¯αN3H −
h11
2
ϑ1φN¯
c
1N1 −
h22
2
ϑ1ϑ2φN¯
c
2N2
− h23
2
ϑ1φN¯
c
2N3 −
h32
2
ϑ1φN¯
c
3N2 −
h33
2
ϑ1ϑ
†
2φN¯
c
3N3 + h.c.,
(3.14)
where fαI and hIJ are O(1) couplings. Meanwhile, the scalar potential is given by (3.4)
plus the additional terms ϑ†iϑiH
†H, ϑ†iϑiφ
†φ, and ϑ1φ
3 + ϑ†1φ
†3 involving ϑ1 and ϑ2. Note
that we must assume these additional terms, which are allowed by the symmetries, have
13It is, however, quite simple to construct models with a smaller invisible branching ratio by taking
smaller λhφ and λφ while keeping δλ fixed.
14Here we have used S ≃ 1 (anticipating M ∼ 1 GeV) and taken mφ & TEW for f (mφ). Also, λ11 must
be a factor of
√
2 larger than in (2.18) for a complex φ since only the real component of φ can decay to Nm1 .
15The Z3 and Z2 symmetries could be combined in a single Z6, if desired.
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sufficiently small coefficients to preserve (3.4).16 For the former two terms, this assumption
is a further aspect of the hierarchy problem in the scalar sector. An explanation for these
small coefficients may arise from the solution to the hierarchy problem, but providing such
an explanation goes beyond the scope of this paper. It is interesting to see, however,
that in order to produce hierarchical parameters in the flavour sector of the νNMSM with
symmetries the hierarchy problem in the scalar sector may be made worse.17 For the latter
terms ϑ1φ
3 + ϑ†1φ
†3, we similarly accept a small parameter in the scalar sector without
explanation, but note that these terms could also be forbidden by an additional U(1)
symmetry under which φ and ϑ1 have opposite charges.
After the spontaneous symmetry breaking associated with ϑ1 and ϑ2, (3.14) reduces
to (3.1) with the textures
FαI ∼

0 η2 η20 η2 η2
0 η2 η2

 , λIJ ∼

η1 0 00 η1η2 η1
0 η1 η1η2

 . (3.15)
The parameters of the νNMSM are then
Fα2 ∼ 1× 10−7, Fα3 ∼ 1× 10−7,
M1 ∼ 1 GeV, M ∼ 1 GeV, ∆M ∼ 100 eV,
(3.16)
up to O (1) constants. This example shows that, in contrast to the νMSM, dark matter
in the νNMSM can be much heavier than the keV scale. Active neutrino mixing in this
model is anarchical (up to charged lepton corrections) while the charged lepton and quark
Yukawa couplings remain unsuppressed. Therefore additional flavour symmetries using
the Green-Schwarz anomaly cancellation mechanism, such as in [36, 80], must be used to
produce hierarchies in the charged lepton and quark sectors.
As a consistency check on this model, we must verify that Nm2 and N
m
3 are out of
thermal equilibrium at the characteristic temperature of leptogenesis TL ∼ 3 × 103 GeV.
Since mφ ≃ 2 × 107 GeV ≫ TL, φm has decayed away by leptogenesis18 and only the
scattering processes H†H ↔ Nm2 Nm2 and H†H ↔ Nm3 Nm3 mediated by φm and χ need to
be considered. For λhφ ∼ 0.01, these processes are out of equilibrium at TL for λ2, λ3 ≃
λ23 . 10
−5, which is satisfied by (3.15).
This model demonstrates that it is possible to use symmetries broken at or near the
Planck scale to obtain the hierarchical pattern of Majorana masses and Yukawa couplings
required for successful baryogenesis and dark matter production in the νNMSM. The model
obeys all phenomenological constraints and allows for the possibility of Higgs inflation by
16The ϑ1φ
3+ϑ†1(φ
†)3 terms, in particular, give χ a small mass and lead to the formation of a discrete Z3
symmetry in φ after the spontaneous symmetry breaking associated with ϑ1, which can introduce potentially
dangerous domain walls when this Z3 is later broken by the VEV of φ [72].
17This point is particularly relevant to the recent work [79], which has suggested that the Higgs mass in
the SM does not have the quadratic divergence that is usually identified with the hierarchy problem. In
this case, trying to explain the hierarchical parameters of any model with additional high-energy scalars
may reintroduce the hierarchy problem.
18Note that a relic CP-even distribution of Nm2 and N
m
3 from the decays of φ
m does not affect leptogenesis.
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ensuring that the Higgs potential does not develop a second minimum before the Planck
scale. Of course, the symmetries used do not address the hierarchy problem associated
with radiative corrections to the scalar sector. To do so would involve implementing a
supersymmetric version of the theory, which departs from the underlying philosophy of the
νMSM, or implementing a conformal symmetry solution, which requires an understanding
of how to include gravity in such a theory. This is something we cannot do at present.
3.3 φ Inflation
Although the Higgs inflation of the νMSM has not been ruled out, it relies on the question-
able assumption that new strong dynamics appearing at the scale of perturbative unitarity
breakdown, MPl/ξ, preserve the intact shape of the Higgs potential even above MPl/ξ [81].
We now consider another model of the scalar sector for the νNMSM, given in [16] and de-
veloped further in [17, 18], in which the Higgs singlet φ can be a light inflaton (mφ < mh)
and thus provide an alternative to Higgs inflation. The scalar potential of this model is
V = λ
(
H†H − α
λ
φ†φ
)2
+
β
4
(
φ†φ
)2
− 1
2
m2φ†φ, (3.17)
where it is assumed that m ≪ √βMPl so that chaotic inflation proceeds via the quartic
term and, in contrast to [16–18], we require φ to be complex to explain the hierarchical
parameters of the νNMSM with an underlying symmetry. The potential (3.17) is then the
most general renormalizable potential that respects a global U(1) symmetry under which
only φ is charged, assuming the bare mass term for the Higgs is negligible.19 Successful
chaotic inflation requires β ≃ 1.5× 10−13 to give the correct amplitude of adiabatic scalar
perturbations and α . 10−7, λIJ . 1.5 × 10−3 to ensure that the flatness of the potential
is not spoiled by radiative corrections from the loops of SM particles and sterile neutri-
nos [18].20 Achieving a sufficiently high reheating temperature Tr > TL for baryogenesis
requires α & 7 × 10−10 [17]. Moreover, a value of λ ≃ 0.13 is required for mh ≃ 125 GeV.
For these parameters, expanding the potential (3.17) about its minimum gives the relations
〈H〉 = v√
2
, 〈φ〉 =
√
λ
2α
v, mh ≃
√
2λv,
mφ ≃ m ≃
√
βλ
2α
v, θhφ ≃
√
α
λ
,
(3.18)
where v = 246 GeV. The upper bound on α can be further strengthened by limits on axion
searches in the CHARM experiment [18]. The mass range allowed by this experiment,
270 MeV . mφ . 1.8 GeV, corresponds to 2 × 10−10 . α . 8 × 10−9 for mh ≃ 125 GeV.
Note that we do not provide an explanation for the small values of α and β in the scalar
potential; we simply take their values to be within the range allowed by successful inflation.
Also note that, for α . 8× 10−9, the invisible branching ratio of the Higgs is negligible.
19For a real φ, (3.17) was originally presented as the most general scale-invariant potential in which the
scale invariance is explicitly broken by a mass term for φ [16].
20As mentioned in [16], chaotic inflation with a quartic potential is disfavoured by WMAP data [82].
However, only a very small non-minimal coupling to gravity of ξ & 0.0027 can help bring this model in line
with the data [83].
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N1 N2 N3 Lα Eα Qi Ui Di H φ ϑ1 ϑ2
U(1) 5 -4 -4 -1 -1 1/3 1/3 1/3 0 2 3 0
Z4 0 1 -1 0 0 0 0 0 0 0 0 1
Z2 1 0 0 0 0 0 0 0 0 0 0 0
Table 3. Charge assignments for the φ inflation scenario. The global U(1) symmetry gives the
structure (3.1) while the discrete Z4 and Z2 symmetries, together with the fields ϑ1 and ϑ2, give
the required hierarchies in FαI and λIJ .
Now consider the flavour sector of the νNMSM for this model of the scalar sector.
As in [16], we assume an inflaton mass mφ & 300 MeV so that the mixing angle θhφ is
large enough to keep φm in thermal equilibrium down to temperatures T ≪ mφ via the
interactions φm ↔ e−e+, φm ↔ µ−µ+, etc. We are therefore in the dark matter production
case rf ≫ 1. The ratio mφ/ 〈φ〉 =
√
β is fixed by (3.18) and (2.18) gives a value of
λ11 ∼ 3× 10−11 (3.19)
to produce correct dark matter abundance.21 The absolute scale of 〈φ〉, however, is not
fixed. There is a relatively narrow window 7 × 105 GeV . 〈φ〉 . 2 × 106 GeV that is
consistent with the constraints on α, the assumption mφ & 300 MeV, and the Lyman-α
forest bound. Taking 〈φ〉 ≃ 106 GeV, a pattern of masses MIJ and couplings FαI that
gives the correct dark matter abundance and baryon asymmetry can be achieved with two
fields ϑ1, ϑ2, the values η1 ≃ 2× 10−3, η2 ≃ 5× 10−5, and the charge assignments given in
table 3. Again, this is the simplest anomaly-free model we could find, though other charge
assignments are possible.
Suppose this time that the Froggatt-Nielsen mechanism is used for generating the
hierarchies in FαI and λIJ , and hence η1 = 〈ϑ1〉 /MPl and η2 = 〈ϑ2〉 /MPl. From table 3,
the Lagrangian for the flavour sector is then
∆L = −fα2
(
ϑ1ϑ
†
2
M2Pl
)
L¯αN2H − fα3
(
ϑ1ϑ2
M2Pl
)
L¯αN3H − h11
2
(
ϑ†41
M4Pl
)
φN¯ c1N1
− h22
2
(
ϑ21ϑ
†2
2
M4Pl
)
φN¯ c2N2 −
h23
2
(
ϑ21
M2Pl
)
φN¯ c2N3
− h32
2
(
ϑ21
M2Pl
)
φN¯ c3N2 −
h33
2
(
ϑ21ϑ
2
2
M4Pl
)
φN¯ c3N3 + h.c.,
(3.20)
where fαI and hIJ are O(1) couplings. Meanwhile, the scalar potential is given by (3.17)
plus the additional terms ϑ†iϑiH
†H, ϑ†iϑiφ
†φ, and ϑ†21 φ
3+ϑ21φ
†3 involving ϑ1 and ϑ2. Again,
we must assume that these additional terms in the scalar sector, which are allowed by the
symmetries, have sufficiently small coefficients to preserve (3.17). Once ϑ1 and ϑ2 acquire
21We have anticipated S ≃ 1 and mφ ≃ 400 MeV in obtaining (3.19), though these parameters only have
an O (1) effect on λ11.
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VEVs, (3.20) reduces to (3.1) with the textures
FαI ∼

0 η1η2 η1η20 η1η2 η1η2
0 η1η2 η1η2

 , λIJ ∼

η
4
1 0 0
0 η21η
2
2 η
2
1
0 η21 η
2
1η
2
2

 . (3.21)
The parameters of the νNMSN are then
Fα2 ∼ 1× 10−7, Fα3 ∼ 1× 10−7,
M1 ∼ 20 keV, M ∼ 4 GeV, ∆M ∼ 10 eV,
(3.22)
up to O (1) constants. As before, active neutrino mixing is anarchical (up to charged lepton
corrections) and additional flavour symmetries must be used to produce hierarchies in the
charged lepton and quark sectors. We also have the parameters
α ≃ 4× 10−9, mφ ≃ 400 MeV, θhφ ≃ 2× 10−4. (3.23)
For these values, it can be shown that χ remains in thermal equilibrium roughly while
φm does (to temperatures below mµ) via the interactions φ
m ↔ χχ. The near massless χ
therefore contributes ∆Neff ≃ 4/7 to the effective number of neutrino species.
As a consistency check on this model, we must verify that Nm2 and N
m
3 are out of ther-
mal equilibrium at the characteristic temperature of leptogenesis TL ∼ 2× 103 GeV. Since
mφ < 2M , the processes φ
m → Nm2 Nm2 and φm → Nm3 Nm3 are kinematically forbidden
and the dominant processes are H†H ↔ Nm2 Nm2 and H†H ↔ Nm3 Nm3 . These are out of
equilibrium at TL for λ23 . 0.01, which is satisfied by (3.21). One can also verify that the
reheating temperature for α ≃ 4× 10−9 can be as large as Tr ≃ 5× 103 GeV [17], which is
above the leptogenesis temperature.
This model demonstrates that, for a scenario in which φ is a light inflaton, it is again
possible to use symmetries broken at or near the Planck scale to obtain the pattern of Ma-
jorana masses and Yukawa couplings required for successful baryogenesis and dark matter
production in the νNMSM. This model obeys all phenomenological constraints and pro-
vides an alternative to the Higgs inflation of the νMSM, but it requires small parameters in
the scalar potential without explanation (a problem that plagues virtually all inflationary
models) and does not improve the stability of the electroweak vacuum.
4 Conclusion
The νMSM is an extension of the SM that attempts to explain neutrino oscillations, dark
matter, the baryon asymmetry of the universe, and inflation using only three sterile neu-
trinos with masses below the electroweak scale. Despite the phenomenological successes
of the νMSM, a further extension may be necessary to accommodate the Lyman-α forest
bound, stabilize the electroweak vacuum, and allow for inflation. In this paper, we have
studied extensions of the νMSM by a Higgs singlet φ that can address these issues and
have demonstrated how the required pattern of masses and couplings in such models can
arise from an underlying symmetry.
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Our starting point has been an extension of the νMSM in which the decays of φ give
a primordial production of dark matter that is readily consistent with the Lyman-α forest
bound and in which the VEV of φ produces the Majorana masses of the sterile neutrinos.
For this next-to-minimal model, or νNMSM, we have considered two specific models of
the scalar sector: one in which φ helps stabilize the electroweak vacuum through a scalar
threshold effect and one in which φ is a light inflaton. For these definite examples, we have
demonstrated that symmetries broken at or near the Planck scale can produce the required
hierarchical pattern of Majorana masses and Yukawa couplings. The former model uses a
U(1) × Z3 × Z2 symmetry while the latter uses a U(1) × Z4 × Z2 symmetry; both require
a complex φ rather than, as typically assumed, a real φ. We have not, however, provided
an explanation for the parameters of the scalar sector or addressed the hierarchy problem
associated with radiative corrections to the scalar sector.
The models presented in this paper satisfy all phenomenological constraints and make
several experimental predictions that are distinct from the νMSM. These predictions in-
clude completely stable Nm1 dark matter (hence no visible X/γ-ray signals from its decays)
as well as anarchical active neutrino mixing angles (up to charged lepton corrections) with
one active neutrino exactly massless. Moreover, due to the complex φ, both models have
Neff ≃ 3.6 for the effective number of neutrino species while the former model has an invis-
ible branching ratio of the Higgs of about 30%. It will therefore be possible to test these
models with the Planck experiment and the LHC in the near future.
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